Abstract: This work evaluates in vitro the influence of a new biocompatible porous Si-Ca-P monophasic (7CaO·P 2 O 5 ·2SiO 2 ) ceramic on the cellular metabolic activity, morphology and osteogenic differentiation of adult human mesenchymal stem cells (ahMSCs) cultured in basal growth medium and under osteogenic inductive medium. Alamar Blue Assay and FESEM were carried out in order to monitor the cell proliferation and the shape of the cells growing on the Si-Ca-P monophasic ceramic during the study period. The osteogenic differentiation of ahMSCs was investigated by means of immunofluorescent staining (osteocalcin, osteopontin, heparan sulphate and collagen type I expression), quantitative reverse transcription polymerase chain reaction (qRT-PCR) (integrin-binding sialoprotein, osteocalcin, alkaline phosphatase, osteopontin, osteonectin, runt-related transcription factor 2 and collagen type I) and expression of surface markers (CD73, CD90 and CD105). We could check osteogenic differentiation in ahMSCs growing under the influence of Si-Ca-P monophasic ceramics itself, but especially when growth medium was replaced by osteogenic medium in the culture conditions. These results allowed us to conclude that the new Si-Ca-P monophasic scaffold greatly enhanced ahMSCs proliferation and osteogenic differentiation; therefore, it may be considered to be employed as a new bone graft substitute or scaffold for bone tissue engineering.
Introduction
Tissue engineering can be conceptualized as the use of a combination of cells, materials, and biochemical and physicochemical factors to improve or replace biological tissues [1] . Based on this, bone tissue repair-regeneration has been the focus and may be one the major applications of this discipline. A great number of strategies have been evolved over the past decades towards engineering tissue replacements, but the most common approach implies the use of reabsorbable synthetic materials For the present investigation, SCP-c was cut in disc shapes of 7 mm in diameter and 3 mm in length, and gas-plasma was used for sterilization (Sterrad-1005TM, ASP, Irvine, CA, USA). Immediately before its use, each disk was placed in a well of a 24-well plate containing fetal bovine serum (FBS) (Sigma, St. Louis, MO, USA) and incubated at 37 • C for 1 h in a cell culture incubator to favour cell adhesion to the surface of the material. After that, disks were dried under dry heat at the same temperature.
Isolation, Characterization and Primary Culture of Adult Human Bone Marrow-Derived Mesenchymal Stem Cells (ahMSCs)
ahMSCs were isolated as previously described [17] and characterized following the criteria of International Society of Cell Therapy (ISCT) [18] (data not shown).
After cell expansion, ahMSCs of passage 3 (P3) were prepared for use in all subsequent experiments. For examination of attachment and proliferation assays, cells were seeded onto the top of disc-shaped SCP-c at a density of 5 × 10 3 cells·cm −2 in a 48-well plate and cultured with growth medium (GM) which consists of Dulbecco's Minimal Essential Medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) FBS and routine antibiotics (penicillin/ streptomycin). To conduct osteogenic differentiation studies, three SCP-c scaffolds were placed in transwell inserts in 6-well plates (Sigma-Aldrich, Corning, NY, USA) and ahMSCs were seeded on the bottom of the wells at a density of 5 × 10 3 cells cm −2 and cultured with GM. Cells seeded onto tissue culture-treated polystyrene (TCPS) culture plate (Sigma-Aldrich, Corning, NY, USA) served as a positive control.
Plates were incubated at 37 • C in a humidified atmosphere consisting of 95% air and 7.5% CO 2 . Some of the ahMSCs cell cultures were also induced to osteogenic differentiation replacing the GM by osteogenic differentiation medium (OM) from the 21st day, which consisted of the GM supplemented with l-ascorbic acid-2-phosphate (0.2 mM; Sigma-Aldrich, St Louis, MO, USA), dexamethasone (10 nM; Sigma-Aldrich, Corning, NY, USA), and β-glycerolphospathe (10 nM; Merck, Darmstadt, Germany).
Field Emission Scanning Electron Microscopy (FESEM)
After 7, 14, 21 and 28 days of seeding, FESEM was used to examine cell attachment and proliferation. After fixing with glutaraldehyde (Sigma-Aldrich, Corning, NY, USA), scaffolds were dehydrated with ethanol, critical point dried with liquid CO 2 and then examined by FESEM Microscopy (Merlin™ VP Compact, Carl Zeiss Microscopy S. L., Oberkochen, Germany) after coating with gold.
Cellular Metabolic Activity Assay
Alamar Blue (Invitrogen, Carlsbad, CA, USA) was used to assess the metabolic activity of the ahMSCs at 7, 14, 21 and 28 days after the seeding. Fresh medium (200 µL) containing 10% (v/v) of Alamar Blue reagent was added to each well for 4 h at 37 • C in darkness. The fluorescence was read directly in a Synergy MX ultraviolet visible (UV-Vis) spectrophotometer (Bio Tek Instruments Inc., Winooski, VT, USA) at excitation and emission wavelengths of 560 and 590 nm, respectively.
Osteogenic Differentiation Assays
The ability of ahMSCs to differentiate into osteoblastic lineage cells was studied at 7, 14, 21 and 28 days by inmunofluorescence staining (heparin sulphate, osteocalcin and collagen type I), expression of representative ahMSCs surface markers (CD73, CD90 and CD105) and quantitative real-time polymerase chain reaction (qRT-PCR) assay for osteogenic markers. St. Louis, MO, USA) at 20 • C for 10 min. Labelling and visualization were performed as previously described [14] .
Surface Markers Cluster Differentiation (CD)
The cells were detached from the culture flasks and centrifuged. Then, they were resuspended in buffer (2% FBS, 0.1% NaN 3 in PBS 1X (Sigma-Aldrich, Corning, NY, USA)) and counted. Aliquots of 1 × 10 5 cells were made in 25 µL of buffer into 3 tubes. Antibodies (CD90-FITC, CD73-PE and CD105-Alexa Fluor 647 and isotypes as negative controls) (Becton Dickinson Co., Franklin Lakes, NJ, USA.) were added at the dilution standardised by our laboratory and incubated at 4 • C for 30 min darkness. Cells were washed, and kept at 4 • C, before analysis by FACSCanto (Becton-Dickinson, Franklin Lakes, NJ, USA). qRT-PCR assay was performed to analyse the expression of integrin-binding sialoprotein (IBSP), osteocalcin (BGLAP), alkaline phosphatase(ALPL), osteopontin (SPP1), osteonectin (SPARC), runt-related transcription factor 2 (RUNX2) and collagen type I (COL1A1). Total RNA was extracted from cells using a RNAqueous Micro Kit (Invitrogen by Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instruction, followed by reverse transcription of mRNA with the iScript cDNA Synthesis kit (Bio-Rad). Quantitative PCR was carried out by using the mix SYBR Premix ExTaq (Takara) in an iCycler MyiQ thermocycler (Bio-Rad). Specific primers for mRNA were purchased from Qiagen (QuantiTech Primer Assays, Hilden, Germany).
For each primer set, the efficiency was >95%, and a single product was observed using melt curve analysis. Samples were run in duplicate, and the presented relative gene expression levels were calculated using the 2 −∆Ct method by normalizing to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Qiagen, Hilden, Germany).
Calculation
All assays were performed at least in triplicate. Student's t-test was used to determine significant differences between groups (p-value < 0.05). All data are reported as mean ± standard deviation (SD).
Results

Field Emission Scanning Electron Microscopy (FESEM)
In order to evaluate adhesion and morphology of ahMSCs growing on SCP-c, the scaffolds cultured were examined by FESEM at days 7, 14, 21 and 28 after the seeding in GM and just at 28 days in OM.
By day 7 after the seeding ( Figure 1A ), the cells showed an initial spreading and the majority of the cells were stretched, but still exhibited some spherical forms.
After 14 days ( Figure 1B ), ahMSCs seeded on the material covered much of the surface and showed a fibroblastic appearance. At 28 days ( Figure 1D ,E), the cells occupied the entire surface, forming a monolayer. There are not cytotoxicity signals or morphological alterations throughout the study. Morphological differences were observed between cells cultivated with GM ( Figure 1D ) and OM ( Figure 1E ). The appearance of the cells treated with OM showed polygonal shapes like osteoblastic cells. Figure 2 shows results of cellular metabolic activity as fluorescence arbitrary units (a.u.). The cells seeded on plastic (control) showed higher metabolic activity than ahMSCs cultured on SCP-c.
Cellular Metabolic Activity Assay
Cell proliferation in the presence of SCP-c was inhibited for the first 2 weeks.
On day 21, significantly higher metabolic activity (t-test, p < 0.05) was observed compared with previous measurements. Remarkably, ahMSCs cultured on SCP-c with OM showed major metabolic activity than cells cultured with GM (t-test, p < 0.05). Figure 2 shows results of cellular metabolic activity as fluorescence arbitrary units (a.u.). The cells seeded on plastic (control) showed higher metabolic activity than ahMSCs cultured on SCP-c. Cell proliferation in the presence of SCP-c was inhibited for the first 2 weeks.
On day 21, significantly higher metabolic activity (t-test, p < 0.05) was observed compared with previous measurements. Remarkably, ahMSCs cultured on SCP-c with OM showed major metabolic activity than cells cultured with GM (t-test, p < 0.05). 
Surface Markers CD
Flow cytometric analysis was used in order to examine the presence of CD90, CD73 and CD105 surface antigens on ahMSCs (Figure 4) . A total of 8.56% of the ahMSCs seeded in indirect contact with SCP-c lost CD90 antigen after 28 days in culture with OM, whereas only 3.94% of the cells cultured in plastic lost this marker ( Figure 4A,D) . Similarly, there were differences in the loss of the cell marker CD 105 at 28 days after adding OM ( Figure 4B,E) . Over 16% of the cells grown in indirect contact with the material did not express CD105, being significantly higher (p < 0.05) than the loss of the cell marker CD105 in the cells seeded in plastic.
On the other hand, there were no differences in the expression of CD 73 ( Figure 4C ,F) between treatment (SCP-c) and control (plastic) during the studied experimental times. 
Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Assay
The Pro-osteogenic effect on osteoblasts was further examined with respect to gene expression of IBSP, BGLAP, ALPL, SPP1, SPARC, RUNX2 and COL1A after 7, 14, 21 and 28 days in GM and 28 days of culture after replacing the GM by OM at 21 days. Figure 5 shows that genes associated with osteogenic differentiation including IBSP, ALPL, SPARC, SPP1 and COLI, were all significantly up-regulated in the SCP-c treatment (p < 0.05). In all groups, the osteogenic-related gene expression, except BGLAP and RUNX2, increased in a time-dependent manner.
The expression of gene RUNX2 seemed to increase at 28 days, but it was not significantly higher 
The expression of gene RUNX2 seemed to increase at 28 days, but it was not significantly higher (p > 0.05). However, there were no differences between the expression of gene RUNX2 in control cells and ahMSCs in contact with SCP-c. In contrast to the other genes, BGLAP showed a continuous decrease from the 14th day in culture. 
Discussion
Current treatment strategies for the repair or replacement of bone with synthetic implants and stem cells are a new approach to treat different conditions occurring in the medical field. The fabrication of ceramic scaffolds adding the use of autologous ahMSCs is aimed at transplantation to a large bone defect site observed in some clinical conditions such as tumour surgery, infections, implant rescue in orthopaedic and oral surgery [2] . An ideal biomaterial scaffold designed for bone tissue engineering must be degraded over time into non-toxic products and requires osteoconductive, osteoinductive and osteogenic properties.
Adding inorganic elements to scaffolds could significantly improve the bioactivity of materials as previously seen with bioglass, bioceramics that contain CaO, SiO2 and P2O5 or glass-ceramic [19] [20]. Also, these constructs could include additional growth factors or incorporate undifferentiated
MSCs [21] . 
Adding inorganic elements to scaffolds could significantly improve the bioactivity of materials as previously seen with bioglass, bioceramics that contain CaO, SiO 2 and P 2 O 5 or glass-ceramic [19, 20] . Also, these constructs could include additional growth factors or incorporate undifferentiated MSCs [21] .
The osteoinduction of the materials was tested in this study, verifying their ability to lead ahMSCs toward an osteoblastic lineage differentiation.
Firstly, we examined the shape of the cells cultured on SCP-c by FESEM and their metabolic activity. Theoretically, cells will be spherical initially, then flatten and later sufficiently spread out so that the nucleus becomes prominent [17, 22] . In our experiments, cells attached and adhered on SCP-c were found to be more spread out when they were cultured with OM. It has been noted that changes in expression of integrins, cadherins, and cytoskeletal proteins that occurs in the differentiation of stem cells produce cell morpholical changes [23] . Moreover, previous studies have suggested that changes in cell shape can regulate the degree of development of lineage-specific markers, or differentiation, in precommitted preadipocytes or preosteoblasts [24, 25] . For all this, it is possible the morphological changes observed are related to the differentiation of cells. Remarkably, ahMSCs cultured on SCP-c with OM showed major metabolic activity than cells cultured with GM after 28 days. Upon osteogenic induction, the copy number of mitochondrial DNA, protein subunits of the respiratory enzymes, oxygen consumption rate and intracellular ATP content are increased, indicating the upregulation of aerobic mitochondrial metabolism [26] . Therefore, a greater metabolic activity could be related to cellular differentiation mechanisms.
The presence of the surface markers CD 105, 90, and 73 is considered as fundamental during the characterization and isolation of ahMSCs [27] ; these markers were previously used by our research group to characterize ahMSCs from mononucleated fraction obtained by SEPAX isolation. The analysis of the cell surface markers showed that cells seeded in indirect contact with SCP-c exhibited a reduction of the expression of CD 105 and CD 90; this fact can be considered a consequence of the differentiation program activation [28] .
A common method to evaluate the potential osteoinductivity of a novel biomaterial is to establish genetic expression profiles related to differentiation. In this case, the genes of interest are those implicated in osteogenic differentiation, from the first stages, such as APL or Col I [29] , to those expressed in the late phase of this process and considered markers of osteoblastic cell differentiation [30] , for example OCN.
Among these genes, the RUNX2 transcription factor is known to play a key role in osteoblastic differentiation [31] because it can directly stimulate transcription of OCN, Col I, OPN and collagenase III genes binding to the sequence PuCCPuCA. Beyond this, the molecular mechanism of RUNX2 action is still unknown. Although RUNX2 is expressed exclusively in mineralized tissues and their precursors, in many cases there may be no correlation between their expression and the expression of osteoblast-related genes. It has been demonstrated that inconsistencies between Runx2 mRNA or protein levels and its transcriptional activity suggests that posttranslational modification and/or protein-protein interactions may regulate this factor [32] .
The results of the qRT-PCR experiments show that the RUNX2 gene is not upregulated in cells seeded on SCP-c materials or the control. The addition of the OM does not increase RUNX2 expression, but OPN or IBSP expression increases in samples incubated with the materials, indicating the participation of RUNX2 in guiding the expression of these markers. RUNX2 mRNA variations are not correlated with OPN or IBSP levels, probably because the RUNX2 protein is active after post-transcriptional or post-translational modifications [33, 34] .
ALP activity increased in cells incubated with SCP-c materials 28 days after the seeding with GM and OM, which is concordant with the maximum release of silicon to the medium previously stated by our group [14] . It has been widely proved that silicon plays an important role promoting cell proliferation [11] , ALP expression and mineralization [35] . On the other hand, ALP activity can be influenced by calcium levels, which in small amounts cause the increase of ALP activity and cell differentiation. Moreover, osteogenic supplements, like ascorbic acid and β-glycerophosphate, up-regulate ALP gene expression [36] . Osteogenic supplements in OM, low concentrations of Ca and increasing levels of Si from 21 days to 28 days may create a synergistic effect on the stimulation of ALP activity.
The formation and maturation of the extracellular matrix (ECM) are also studied as markers of osteoblastic differentiation. Col I and SPARC are both markers of early osteoblastic differentiation [37] . Their mRNA expression seemed to be influenced by the Si-Ca-P monophasic ceramic in this study from first week to the last week by adding OM at 28 days. ahMSCs express high levels of Col I in their in vivo natural environment [38] . qRT-PCR results for Col I were confirmed by Col I immunofluorescence images. In fact, Col I seemed to be synthesized since the first stages of ECM deposition in all the samples considered, and it increased after adding OM at 28 days.
During the fourth week, SCP-c also was able to upregulate the markers of a more mature extracellular matrix, such as OPN and IBSP1, whose role is to influence and regulate mineralization processes. The qRT-PCR results showed that cells seeded under the influence of SCP-c reached the maximum expression of these mRNA markers during the fourth week with the best performance in presence of the OM. These data are in accordance with the results stated by Kulterer B et al. [39] in the genetic expression profiles obtained for ahMSCs during osteoblastic differentiation studies. OPN qRT-PCR results are confirmed by the results of the immunofluorescence study. During the last week of culture, OPN proteins are highly expressed in the samples incubated with the material, demonstrating that the ECM is maturing, as expected.
HA and β-TCP are highly biocompatible, but differ in their biological response at the implantation site. While HA does not significantly degrade, and remains permanent over time, β-TCP has been shown to be a reabsorbable and osteoconductive material [40, 41] . For decades, β-TCP has been widely used for repairing small bone defects, proving an environment where osteoblasts and MSCs are able to proliferate, providing an adequate matrix for bone formation [41] [42] [43] [44] . Based on its gradually reabsortion and its proven osteoinduction properties, we think that the SCP-c material could be used as an alternative to natural bone.
Conclusions
Differentiation osteogenic markers were more intense in cells growing under the influence of SCP-c material, but specially after adding OM. All these results could indicate that the ceramic will be able to induce cell differentiation in the presence of other osteogenic supplements that we can find naturally in organisms.
Future studies will be focused on determining the in vivo properties of this bioceramic and improvements of its composition by adding different molecules such growth factors, drugs or coatings.
